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[57] ABSTRACT 

We have discovered that at least some optical wave- 
guide lasers such as Er-doped fiber lasers are subject to 
excessive output amplitude fluctuations, including se- 
vere fluctuations when the laser is subjected to mechan- 
ical shock. We have determined that these highly unde- 
sirable fluctuations are due to a resonance phenomenon, 
and that the fluctuations can be at least substantially 
reduced by means of a feedback loop that makes the 
amplitude of the output of the pump laser responsive to 
the amplitude of the output of the waveguide laser. We 
have also discovered that the operation of a pump la- 
ser/waveguide laser combination is frequently im- 
proved if an appropriate non-reciprocal element (e.g., 
an isolator or a tilted wavelength filter) is placed be- 
tween the two lasers. An exemplary embodiment of the 
invention comprises the feedback loop as well as the 
non-reciprocal element. 

9 Claims, 6 Drawing Sheets 
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FIG. 5 schematically shows the relevant part of an 

ARTICLE COMPRISING AN OPTICAL exemplary communication system according to the 

WAVEGUIDE LASER invention; 

FIG. 6 shows schematically an exemplary fiber laser 

FIELD OF THE INVENTION 5 that can be used to practice the invention; 

™ . ... _ . . . ... FIG. 7 schematically presents a preferred pump la- 

This application pertains to articles exemplanly an ser/waveguide j^r/waveguide amplifier arrangement; 

optical fiber communication system, that comprise an FIG. 8 presents exemplary data on fiber laser re- 

optical waveguide laser, exemplanly an Er-doped opti- sponse as a function of pump laser modulation fre- 

cal fiber laser. 10 quency . 

BACKGROUND OF THE INVENTION FIGS ' 9 and 10 show exem P!ary data on fiber laser 

output vs. time, with the pump laser 100% modulated at 

Optical waveguide lasers are currently of consider- i and 10 Hz, respectively; 

able interest. For instance, single mode Er-doped opti- FIG. 11 shows the circuit diagram of an exemplary 

cal fiber lasers are currently considered to be strong 15 feedback amplifier; and 

candidates for use as signal radiation sources in optical FIG. 12 schematically shows an exemplary optical 

fiber communication systems. See, for instance, G. A. communication system according to the invention. 

Ball et at., Optical Fiber Communication Conference, T „ tmvpmttom 

Feb. 2-7, 1992, San Jose, Calif., "1992 Technical Digest in vtw UUJN 

Series", Vol. 5 Conference Edition, p. 97. Pr-doped 20 We have made the unexpected discovery that at least 

waveguide lasers and amplifiers are also of current in- some, otherwise quite suitable for use in optical commu- 

terest nication systems, optical waveguide lasers are subject to 

Optical waveguide lasers potentially have advantages excessive output amplitude fluctuations, including se- 

over semiconductor laser sources. For instance, the vere fluctuations when the laser is subjected to mechan- 

former inherently have a simple structure, can easily be 25 ical shock ' See ' for Stance, FIG. 1, which shows the 

produced to emit a predetermined wavelength, and can amplified output of an exemplary SiO 2-based single 

be readily continuously tuned. See, for instance, G. A. ™ de Er-doped optical fiber laser as a function of time, 

Ball et aL, Optics Letters, Vol. 17(6), p. 420. f ° ut P ut e f ^ ^"5. vibration-induced noise 

In view of the intrinsic simplicity of optical wave- w ^ S ?* h ? FIG ' ^7? 

. , , . . + , F ^ / , \ 30 output of the laser as a function of time, the output 

guide lasers, those skilled in the art had, up to now, not Siting fluctuations at a frequency of about 150 kHz. 

had any reason to doubt that an otherwise ^appropriate ^ a techni for elimina 4 ting or at least reduci 

waveguide laser would have an output that is stable vibrat ion-induced amplitude fluctuations in optical 

enough to meet the (very exacting) stability require- waveg uide lasers (including, but not limited to Er-and 

ments for use as a signal radiation source in an optical 35 p r . dop ed lasers) is of great commercial significance 

communication system. Typically such systems are since , without such a technique, the suitability of such 

designed to achieve a bit error rate (BER) of less than lasers for, e.g., demanding communication purposes 

10~ 9 , even less than 10~ 12 . This implies the need for a may be in question. Advantageously such a technique 

very stable laser. would be simple and inexpensive, and can result in 

It is known that diode-pumped Nd: YAG lasers can 40 substantially unconditionally stable lasers. This applica- 

be subject to relaxation oscillations, which add consid- tion also discloses such a technique, 

erable noise to the laser output, typically in the fre- In view of the known long lifetime of Er 3+ in silica, 

quency range 100 kHz-i MHz. See T. J. Kane, IEEE it appeared at first unlikely to us that feedback could 

Photonics Technology Letters, Vol. 2(4), p. 244. That suppress oscillations at frequencies of the order of 100 

paper reports the presence of a relaxation oscillation 45 kHz- Indeed, even the source of the observed fluctua- 

peak at 280 kHz in an exemplary diode pumped single ti° ns wa $ unclear and, consequently, a solution to the 

frequency monolithic Nd:YAG laser. The paper also fluctuation problem was not apparent. For instance, we 

reports that provision of appropriate feedback can ef- had previously observed self-pulsation in some high 

fectively remove the relaxation oscillation intensity S ain Er-doped fiber lasers, and had identified Er-clus- 

noise from the output of the Nd:YAG laser, and FIG. 2 50 ters the Ukelv cause of the problem, 

of the paper shows a block diagram including the feed- ^ * 1GS - 9 and 10 ^strate the limits placed by the long 

back loop Er lifetirne on tne ability of an Er-doped fiber laser to 

The luminescing species in Er-doped fiber amplifiers f ol . low TIj^u frequ u en f y pump ra< ? iatio ? m ^ 
„ j Ucflrf ■ ^ i • T f . t - rt c:ni u™j lation. As FIG. 9 shows, the laser can relatively faith- 
ana lasers is Er J ^. It is known that, m a Si02-based _. c „ - „ < TT 1rtrt JL , /. - 

, . t . , . , ... r ^ * , 55 fully follow a 1 Hz 100% square wave modulation of 

matnx, the relevant electron transition of Er 3 ~ has a - , „ M , * * j v t-. t ^ 

, - . , . , . the pump radiation. However, as demonstrated by FIG. 

long kfetime, exemplanly about 10 ms. 1Q ^ ^ show$ severe distortion if th / 

Optical waveguide lasers advantageously comprise radiation is m% Q wave modulated at 10 Hz . * 

m-lme refractive index gratings. See, for instance, US. However, we have now discovered that provision of 

?™° 0rt ' ' U.S. patent application Ser. No. m appropriate feedback can at least substantially reduce 

07/878,802, incorporated herein by reference, discloses the undesirable output amplitude fluctuations in Er- 

an advantageous method of making such a grating. doped laserSj and can be expected to have similar utility 

BRIEF DESCRIPTION OF THE DRAWINGS in other rare earth ( e *S*> Pr )-doped lasers. See, for in- 
stance, FIGS. 2 and 4, which correspond to the situa- 

FIGS. 1 and 3 show the output of an exemplary opti- 65 tions of FIGS. 1 and 3, respectively, but with feedback 

cal fiber laser without feedback; present. Thus, in a broad aspect the invention is embod- 

FIGS. 2 and 4 show the output of the exemplary fiber ied in an article (e.g., an optical transmitter or an optical 

laser with feedback; fiber communication system) that comprises an optical 
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waveguide laser, and that further comprises feedback the laser cavity. Signal radiation is emitted primarily in 

means for reducing or preventing output amplitude the forward direction, coupled into fiber 63 by means of 

fluctuations. ' splice 641. 

More specifically, the invention typically is embodied Exemplarily, we have used Er-doped fiber that had a 
in an article that comprises an optical waveguide laser 5 germano-silicate core, co-doped with Al and containing 
that comprises an optical waveguide, a semiconductor about 600 ppm (cation molar ppm) of Er, distributed 
source of pump radiation of wavelength \ p , means for nominally uniformly across the core. The core had 
coupling said pump radiation into said waveguide, and effective diameter 2.6 ji,m and index difference 
means for providing a drive current to said source of An =0.023. The fiber had a cut-off wavelength of 0.88 
pump radiation. The laser has an output that comprises 10 ptm, and an unpumped loss at 1.53 fxm of 0.1 dB/cm. 
radiation of wavelength \ s >^p, and the article option- The total length of Er-doped fiber (splice-to-splice) was 
ally comprises means for utilizing said radiation of about 4.4 cm, and the effective cavity length was 2.5 
wavelength X 5 (the "signal" radiation). Significantly, the cm. Those skilled in the art will appreciate that the laser 
article further comprises means for detecting a portion of FIG. 6 can be operated with or without feedback, 
of the (optionally amplified) signal radiation output, 15 with use of feedback according to the invention being 
said detector means to provide an electrical output that preferred. They will also appreciate that polarizing 
is indicative of the signal radiation amplitude, means for fiber or polarization-maintaining fiber can advanta- 
shifting the phase of said electrical output and/or for geously be used in a fiber laser and fiber amplifier, 
amplifying said electrical output, and means for provid- FIG. 7 schematically depicts a different, and cur- 
ing said phase shifted and/or amplified electrical output 20 rently preferred, arrangement, wherein numeral 70 re- 
to said means for providing a drive current to the pump fers to a fiber laser, and numerals 71 and 72 refer to 
radiation source such that said drive current is respon- non-reciprocal elements such as wideband isolators, 
sive to the amplitude of the signal radiation. The non-reciprocal elements respectively eliminate 

Those skilled in the art will recognize that the dis- reflection of pump power back into the pump laser (e.g., 

closed article comprises a feedback loop which has an 25 a 1490 nm semiconductor laser), and reflection of signal 

electronic as well as an optical portion, the latter com- radiation back into the fiber laser. Suitable isolators are 

prising the appropriately modulated pump radiation. known, and are commercially available. Exemplarily, 

FIG. 5 schematically depicts the relevant aspects of they can provide >65 dB return loss at 1.54 urn, and 
an exemplary transmitter portion 50 of an optical com- >35 dB return loss at 1.49 fxm. Signal radiation as well 
munication system according to the invention. Radia- 30 as pump radiation are transmitted through 72 into am- 
tion from pump laser 57 is coupled into optical fiber plifier fiber 73, and the amplified signal radiation (and 
laser 51, designed to emit single mode radiation of possibly a minor amount of pump radiation) is transmit- 
wavelength \ s . The laser output is amplified in known ted through splice 741 into conventional transmission 
optical amplifier 52 and divided in coupler 53. The fiber 74. A further non-reciprocal element (not shown) 
radiation from one of the output ports of 53 is, after 35 can optionally be inserted between amplifier and trans- 
passage through optional polarization controller 531 mission fiber. An appropriate feedback loop (not 
and modulation in accordance with an appropriate sig- shown) is advantageously provided, in a manner sub- 
nal in modulator 530, coupled into a conventional trans- stantially as described above. Exemplarily, the amplifier 
mission fiber (not shown). The radiation from the other comprises 45 m of Er-doped fiber, providing about 4 
output port of 53 is caused to impinge on known detec- 40 mW of output power from about 50 u.W of input, with 
tor 54. The electrical output signal 540 of 54 is appropri- a single pump laser serving both the fiber laser and the 
ately amplified and/or phase shifted in conventional fiber amplifier. Use of a single pump laser is, of course, 
feedback amplifier and phase shifter 55, and the electri- optional. 

cal output 550 of 55 is fed to known pump laser driver Isolators are not the only type of non-reciprocal ele- 

56. Signal 550 serves to control the electrical output 45 ment that can be used in the arrangement of FIG. 7. For 

signal 560 of driver 56, and thereby to control the radia- instance, isolator 71 can be replaced by an appropriately 

tion output of pump laser 57 so as to provide negative tilted wavelength filter that is selected to pass pump 

feedback to laser 51. radiation and to block signal radiation. Appropriate 

Those skilled in the art will appreciate that the ar- ■ tilting causes the filter to block reflected pump radiation 
rangement of FIG. 5 is exemplary only and that other 50 by directing it away from the core of fiber 75. Filters 
arrangements could also be used. For instance, amplifier suitable for the indicated use are commercially avan\ 
52 could be taken out of the feedback loop, exemplarily able, e.g., AT&T's OPF2001A filter which passes 1.48 
placing 52 downstream of modulator 530. A separate jxm pump radiation and rejects 1.55 /nn signal radiation, 
pump laser and driver would in that case typically be The combination of FIG. 7, with or without a feed- 
provided for the amplifier. 55 back loop, will typically exhibit substantially improved 

FIG. 6 schematically shows relevant aspects of an stability, as compared to prior art pump/oscillator/am- 

optical fiber laser 60 that can advantageously be used in plifier combinations that lack non-reciprocal elements 

the practice of the invention. Er-doped fiber 61 com- 71 and/or 72, and thus will typically be a preferred 

prises two spaced apart known refractive index gratings implementation of such a combination. Those skilled in 

(650, 651 ) which define the laser cavity. The output 60 the art will appreciate that non-reciprocal element 71 

coupler grating 651 has relatively low (e.g., about 98%) may, if desired, be combined with the pump laser into a 

peak reflectance for signal radiation, and the rear reflec- single unit. 

tor 650 has relatively high (e.g., >99% ) peak reflec- As discussed above, we have discovered that, despite 

tance. Grating bandwidths exemplarily are in excess of the normally slow response of Er-doped fluorescent 

0.5 nm. The Er-doped fiber is connected, by means of 65 devices to pump power modulation (due to the about 10 

splice 640 (typically a fusion splice) to conventional ms upper state lifetime of Er 3 +), relatively high fre- 

fiber 62, with pump radiation (exemplarily Xp=0.98 quency pump power fluctuations can drive fiber laser 

urn) transmitted through splice 640 and grating 650 into output oscillations. We have found that these fluctua- 
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tions are due to a resonance phenomenon. This is shown 
by FIG. 8, which presents, as a function of modulation 
frequency, the response of a fiber laser to a 0.5% modu- 
lation of the pump amplitude. The resonant nature of 
the phenomenon is apparent from FIG. 8. 5 

FIG. 12 schematically depicts an optical communica- 
tion system 120, wherein transmitter 121 comprises a 
pump/fiber laser/fiber amplifier combination according 
to the invention. The remainder of the system can be 
conventional. Transmitter output radiation, modulated 10 
in accordance with an external signal, is coupled into 
optical transmission fiber 122. Amplifier fiber 124 is 
spliced (123, 125) between lengths of transmission fiber, 
with pump radiation from pump laser 126 being coupled 
into the amplifier fiber. Receiver 127 detects the modu- 15 
lated output radiation at the end of the fiber transmis- 
sion path and produces an electrical output in response 
to the optical signal. 



EXAMPLE 1 



20 



A set-up substantially as shown in FIG. 5 was pro- 
vided. The only significant difference was the absence 
of coupler 53, polarization controller 531 and modula- 
tor 530 in the exemplary set-up. The laser was a Er- 
doped Si-based fiber with in-line refractive index grat- 25 
ings, and the amplifier was 45 meters of Er-doped Si- 
based fiber, both as described above. The pump laser 
was an Anritsu model SD3F101F 1.48 u.m laser diode, 
the pump laser driver a Light Control Instruments, Inc. 
Model 920 laser diode driver, and the detector a Ge 30 
photodiode. The feedback amplifier circuit is shown in 
FIG 11. It will be appreciated that the circuit is exem- 
plary only, and that many other circuits can be readily 
devised. FIG. 11 does not show an explicit phase shift 
network, which was not required in the exemplary 35 
set-up. Phase shift circuits are well known. See, for 
instance, "National Semiconductor Linear Applications 
Handbook", 1986, p. 114. Amplifier 111 in FIG. 11 is a 
National Semiconductor LH0032 FET-input opera- 
tional amplifier. Many other known amplifiers could 40 
also be used. The described set-up resulted in stable 
laser output (see FIGS. 2 and 4) at a wavelength of 
about 1538 nm. 



EXAMPLE 2 



45 



A set-up substantially as shown in FIG. 7 was used to 
generate 1.54 jim signal radiation. The pump laser was 
a conventional 1.48 u-m semiconductor laser. Non- 
reciprocal element 71 was a wavelength filter as de- 
scribed above, and non-reciprocal element 72 was a 50 
conventional isolator (FDK single stage YIG optical 
isolator YD340-3-155S). 35 m of Er-doped fiber served 
as amplifier. Downstream from splice 741 was a second 
conventional isolator (not shown in FIG. 7), which was 
coupled by means of a commercially available angled 55 
connector to standard (AT&T 5D) optical fiber. The 
set-up produced a stable single mode output at 1540 nm. 
Removal of isolator 72 resulted in an output that con- 
tained further modes. 

EXAMPLE 3 60 

To the set-up of Example 2 is added a feedback loop 
substantially as described. The resulting output is highly 
stable single mode 1540 nm radiation. 
We claim: 65 
1. An article comprising an optical waveguide laser 
having an output that comprises radiation of wave- 
length X 5 ; the article further comprising 



a) a semiconductor source of pump radiation of 
wavelength X p , with \ p <h; 

b) means for providing a drive current to said source 
of pump radiation; 

c) means for coupling said pump radiation into an 
optical waveguide of the waveguide laser; and 

d) means for utilizing said radiation of wavelength X s ; 
CHARACTERIZED IN THAT the article further 

comprises 

e) means for detecting a portion of said radiation of 
wavelength X s , said means providing an output that 
is indicative of the amplitude of the laser output 
radiation of wavelength X s ; 

f) means for amplifying, and/or shifting the phase of, 
the output of the means of e); 

g) means for providing said phase shifted and/or 
amplified output to said means for providing a 
drive current, such that the drive current provided 
to the source of pump radiation is responsive to the 
substantially instantaneous amplitude of the output 
of wavelength X s of the optical waveguide laser; 
wherein the means of e)-g) are selected such that 
undesired fluctuations in the amplitude of the radia- 
tion of wavelength X s are at least substantially re- 
duced, where "a substantially instantaneous re- 
sponse" is a response with a response time that is 
less than the upper state lifetime of Er 3 +. 

2. An article according to claim 1, wherein the opti- 
cal waveguide laser is a silica-based optical fiber laser 
comprising a length of Si-based Er- or Pr-doped optical 
fiber, and wherein the means of e)-g) are selected such 
that said undesired fluctuations are fluctuations of fre- 
quency in a range that includes 150 kHz. 

3. An article according to claim 1, wherein the article 
is an optical fiber communication system, with the 
means of d) comprising receiver means spaced apart 
from said laser means, and optical waveguide means 
that signal-transmissively connect said receiver means 
and said laser means. 

4. An article according to claim 3, further comprising 
optical waveguide amplifier means for amplifying said 
radiation of wavelength X s , and modulator means for 
modulating the radiation of wavelength X s in accor- 
dance .with a given signal. 

5. An article according to claim 4, wherein said mod- 
ulator means and said waveguide amplifier means are 
arranged such that the radiation of wavelength Xis mod- 
ulated before it is amplified, 

6. An article according to claim 1, wherein the article 
is an optical waveguide transmitter, wherein the means 
of d) comprise a length of optical fiber. 

7. An article according to claim 1, further comprising 
optical amplifier means for amplifying said radiation of 
wavelength Xj, with the means of e) positioned to detect 
a portion of the amplified radiation of wavelength X s . 

8. An article according to claim 1, wherein the means 
°f e ) _ g) ^ selected to at least substantially reduce 
undesired fluctuations in a frequency range that in- 
cludes a resonance frequency associated with said laser. 

9. An article according to claim 1, wherein the opti- 
cal waveguide laser is an optical fiber laser, the output 
of the optical fiber laser is provided to an optical fiber 
amplifier; wherein the article further comprises an opti- 
cal isolator, said isolator located intermediate said laser 
and said amplifier, said isolator selected to permit pas- 
sage therethrough of radiation of wavelength X s and of 
radiation of wavelength X p towards said amplifier, and 
to substantially block passage therethrough of radiation 
of wavelength X s towards said laser. 
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